The unfolded protein response (UPR) is a stress-activated signalling pathway that regulates cell proliferation, metabolism and survival. The circadian clock coordinates metabolism and signal transduction with light/dark cycles. We explore how UPR signalling interfaces with the circadian clock. UPR activation induces a 10 h phase shift in circadian oscillations through induction of miR-211, a PERK-inducible microRNA that transiently suppresses both Bmal1 and Clock, core circadian regulators.
M isfolding within the endoplasmic reticulum (ER) triggers a cellular checkpoint pathway referred to as the unfolded protein response (UPR). The UPR is a signalling pathway composed of three transducers, PERK, Ire1 and ATF6 (ref. 1 ). Inositol-regulated kinase-1 (Ire1) is a single-pass membrane-localized protein kinase that also exhibits endonuclease activity 2, 3 . Ire1 regulates the expression of numerous ER chaperones by activation of the X-box binding protein 1 (Xbp1) transcription factor 4 , and accumulation of Xbp1 is mediated by Ire1-dependent splicing activity 5, 6 . Protein kinase RNA (PKR)-like ER kinase (PERK), also an ER transmembrane protein kinase, catalyses serine 51 phosphorylation on eIF2α , resulting in reduced protein synthesis [7] [8] [9] . The third signalling components are the transmembrane transcription factors ATF6α /β . Physiological stresses that induce the UPR include metabolic challenge, viral infection, low oxygen and oncogenic signalling 1 . In the context of such stresses, the UPR determines cell fate by reducing protein synthesis, increasing chaperone expression to increase protein folding capacity, or initiating apoptosis under conditions of ongoing stress and cellular damage that cannot be repaired. Because the UPR is frequently engaged during tumour progression, where it facilitates tumour cell survival [10] [11] [12] [13] , signal transducers such as PERK and Ire1 are potential targets of therapeutic intervention.
The UPR plays an important role in cell proliferation, metabolism and survival, but how it interacts with other signalling pathways that coordinate cell fate decisions remains poorly understood. The circadian clock coordinates gene expression and protein trans-lation with proliferation and metabolism in the context of light/ dark cycles. The heterodimeric transcription factor, Bmal1:Clock, is the central regulator of the core and peripheral circadian clock. Alterations in Bmal1/Clock or downstream circadian components have been implicated in metabolic disorders [14] [15] [16] and tumorigenesis 17, 18 . The UPR also contributes to metabolic homeostasis and tumour cell survival under conditions of microenvironmental and metabolic stress 19 , suggesting the potential for cross-talk between these two pathways. In the experiments described herein, we have explored the intersection of the circadian clock with UPR signalling. The resulting data reveal striking cross-talk, which impacts both normal and tumour cell survival.
Results
UPR activation disrupts circadian oscillation. To investigate a potential intersection between the UPR and the circadian clock, dexamethasone-synchronized U2OS cells expressing a Bmal1 promoter-driven luciferase reporter were exposed to the ER stress inducer thapsigargin (Tg), and Bmal1-reporter expression was longitudinally assessed using a LumiCycle luminometer 20 . Tg treatment triggered a phase shift in Bmal1 expression ( Fig. 1a, upper panel) , and co-administration of the PERK inhibitor GSK2606414 (ref. 21 ) suppressed the phase shift ( Fig. 1a , lower panel). Similarly, Bmal1 and Clock protein accumulation was transiently suppressed in a PERK-dependent manner (Fig. 1b ). IRE1 deletion did not inhibit Bmal1 or Clock loss, demonstrating a specific role for PERK ( Fig. 1c) . Similar results were observed in Articles Nature Cell Biology cells challenged with tunicamycin (Tm) or by glucose deprivation ( Supplementary Fig. 1a ).
To assess UPR-circadian clock cross-talk in vivo, livers were collected from eight-week-old wild-type (PERK loxp/loxp ) or knockout (PERK Δ/Δ ) mice 16 at 6 h intervals following exposure to Tm.
Treatment of PERK Δ/Δ mice generated discoloured livers ( Supplementary Fig. 1b ), reflective of extensive hepatonecrosis ( Supplementary Fig. 1c ). Consistent with PERK mediating stressdependent survival, PERK Δ/Δ mice had to be euthanized within 2 days of Tm treatment, compared to 6 days for PERK loxp Supplementary Table 3 .
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( Supplementary Fig. 1d ). Tm increased eIF2α phosphorylation and Chop induction in PERK loxp/loxp mice, consistent with PERK activation ( Supplementary Fig. 1e ). Tm exposure triggered a circadian phase shift in Bmal1 and Clock expression in PERK loxp/loxp livers (Fig. 1d ), and oscillation of Bmal1-Clock circadian gene targets was shifted correspondingly (Fig. 1e ). PERK Δ/Δ mice were refractory to Tm-induced phase shift; a reduced amplitude in Bmal1 and Clock mRNA was observed ( Fig. 1d ), reflecting enhanced cytotoxicity to Tm. We noted that mRNAs encoding UPR signalling components exhibit circadian oscillation consistent with cross-talk between these two pathways ( Fig. 2a ). To expand our understanding of physiological UPR-circadian clock cross-talk, we determined whether entrainment to darkness triggers UPR activation. Eight-week-old male mice were divided into two groups; one group followed a 12:12 h light/dark (LD) cycle, while in the second group mice were placed in darkness for 48 h and switched to normal (DD). Livers were collected for western blot (Fig. 2b ) and qPCR analysis ( Fig. 2c ). Consistent with entrainment inducing the UPR, we noted PERK and eIF2α hyper-phosphorylation (compare 0 in Control group with 0 in Darkness group, Fig. 2b ), increased ATF4 accumulation and alterations in the expression pattern of miR-211, CHOP, PERK and ATF4 ( Fig. 2c ). Accumulation of Bmal1 and Clock also led to a delay corresponding to miR-211 expression ( Fig. 2b ). We also determined whether a 12 h shift in light/dark cycle triggers UPR activation. One group of mice followed a 12:12 h light/dark cycle (Control group), while in the second group, light/dark cycles were reversed (DL Reversed). Livers were collected from both groups beginning at 6 h after the initial light shift western blot ( Fig. 2d ) and qPCR analysis ( Fig. 2e ). Consistent with entrainment inducing the UPR, we noted PERK hyper-phosphorylation, increased p-eIF2α and ATF4 accumulation. Oscillation of Bmal1 and Clock was also abrogated by light/dark reversal ( Fig. 2e ).
PERK-inducible miR-211 suppresses Bmal1 and Clock.
The kinetics of UPR-dependent Bmal1/Clock suppression is analogous to the induction of PERK-induced miR-211 (ref. 22 ) ( Fig. 3a,b ), suggesting miR-211 as a plausible link. Consistent with a regulatory interaction, a miR-211 inhibitor (A211) abolished UPR-dependent Bmal1 and Clock suppression ( Fig. 3c ) and restored their circadian oscillation ( Fig. 3d ). We also noted strong induction of miR-211 in mouse livers during entrainment to new light/dark cycles ( Fig. 2c ). Dicer −/− cells were refractory to ER stress-dependent repression of Bmal1 and Clock ( Fig. 3e ), supporting a role for miRNA-dependent regulation 23 . The induction of miR-211 during entrainment to a new light/dark cycle correlated with increased PERK activity and with reduced CHOP expression, as might be expected from previous work 22 ; miR-211 induction also correlated with diminished Bmal1 and Clock expression.
To address the mechanism of miR-211 action, we performed a bioinformatic analysis for potential miR-211 seed matches and noted one for miR-211 in the Clock 3′ untranslated region (UTR) ( Supplementary Fig. 2 ). A luciferase reporter was generated harbouring either the wild-type 3′ UTR of Clock or one with mutated seed sequences. Expression of the Luciferase-Clock reporter was suppressed by miR-211 in a seed-dependent manner ( Fig. 3f ). Additionally, wild-type, but not the mutant Luciferase-Clock reporter, was responsive to ER stress, while A211 abrogated UPRdependence ( Fig. 3g) .
No miR-211 seed sequences were identified in the 3′ UTR of Bmal1; however, three high-relevance matches are present in the proximal promoter/5′ UTR region ( Supplementary Fig. 3a ), suggesting the potential for miR-211 to regulate Bmal1 via RNAinduced transcriptional silencing (RITS) 22 . RITS, unlike canonical cytoplasmic RISC, is a nuclear micro-RNA complex that recruits EZH2 to target promoters through rare RNA transcripts with extended 5′ sequences; miRNA-dependent engagement of these transcripts promotes the generation of heterochromatic marks, facilitating suppression of transcription 24 ( Supplementary Fig. 3b ). To assess this model of regulation, a Bmal1-luciferase reporter with either a wild-type Bmal1 promoter or one containing mutations in miR-211 seed sites was engineered. ER stress reduced expression of the wild-type promoter but not mutations in all potential miR-211 seed sequences ( Fig. 4a ). Mutation of individual sites reduced stress-dependent silencing, but to a lesser degree ( Fig. 4a ). Ectopic expression of miR-211 repressed wild-type but not mutant Bmal1-luciferase, consistent with direct regulation by miR-211 ( Fig. 4b) .
To address miR-211 regulation of endogenous Bmal1, we introduced biotinylated wild-type or mutant miR-211 (ref. 25 ) into cells. Nuclear extracts were subjected to streptavidin pulldown, and Bmal1 nascent mRNA was quantified by qPCR. Wild-type but not mutant miR-211 was enriched for Bmal1 nascent RNA with a preference for Seed1 and Seed2 ( Fig. 4c-e ), demonstrating the direct interaction between miR-211 and the Bmal1 promoter. Equivalent concentrations of wild-type and mutant miR-211 were present on beads ( Supplementary Fig. 3c ). Binding specificity was confirmed by assessing interactions with the neighbouring gene PTH ( Supplementary Fig. 3d ) and sequences 1,000 bp upstream from Seed3 sequences ( Supplementary Fig. 3e ). Consistent with current models of RITS, chromatin immunoprecipitation (ChIP) analysis revealed miR-211-dependent recruitment of Argonaut to Bmal1 (Fig. 4f ). Enhanced H3K27me3 methylation ( Fig. 4g ), but no H3K9me2 methylation ( Supplementary Fig. 3f ), was observed. In addition, RNA polymerase II occupancy was reduced by ER stress and miR-211 induction ( Fig. 4h ). Collectively, these data suggest that the UPR modulates circadian oscillation via regulation of Clock 3′ UTR and Bmal1 transcription through PERK-dependent induction of miR-211.
MYC suppresses Bmal1 and Clock through engagement of the UPR and miR-211.
Burkitt's lymphoma is associated with chromosomal translocation (t(8;14)(q24;q32)), resulting in c-Myc overexpression. High c-Myc triggers increased protein synthesis 26, 27 , robust UPR 11 and accumulation of miR-211 (ref. 22 ). Because c-Myc potently triggers PERK-dependent miR-211 accumulation and can also intersect with circadian machinery 28 , we assessed the impact of c-Myc and oncogenic ER stress on Bmal1 and Clock. Comparison of normal human germinal centre B (GC B) cells isolated from human tonsils with Burkitt's lymphoma cell lines Raji, Ramos and CA46 revealed high levels of active PERK and undetectable Bmal1 and Clock expression in lymphoma cells ( Fig. 5a ). Reduced Bmal1/Clock was reflective of increased miR-211 expression ( Fig. 5b ). Downstream circadian targets of Bmal1/Clock (Per1, Per2, Cry1 and Cry2) were also reduced ( Supplementary  Fig. 4 ). Expression of A211 in lymphoma cell lines restored expression of Bmal1 and Clock ( Fig. 5c,d ), as did treatment of cells with a PERK small-molecule inhibitor GSK2606414 ( Fig. 5e ,f). A211 expression or PERK inhibition also restored circadian oscillation of Bmal1 and Clock in lymphoma cells ( Fig. 5g-j ). Metabolic genes, including NAMPT (ref. 29 ), ODC1 (ref. 30 ) and UPP2, exhibit BMAL1-dependent circadian oscillations 28 . The rescue of Bmal1/ Clock by A211 or through PERK inhibitor increased expression of these metabolic genes ( Fig. 5k ,l) 31 . These data collectively provide support for the role of PERK-miR-211 in mediating the impact of Myc and the UPR on circadian oscillations through regulation of Bmal1 and Clock.
To further address the interconnection of miR-211, circadian gene expression and oncogenic stress, we analysed murine lymphomas driven by c-Myc 32 . Reduced expression of Bmal1 and Clock was noted in all tumours ( Fig. 6a and Supplementary Fig. 5 ); this correlated with PERK-dependent phosphorylation of eIF2α ( Fig. 6a ) and for n = 5 mice in each group. b,c, Eight-week-old male wild-type C57BL/6 mice were randomly divided into two groups. Control mice followed the regular 12:12 h light/dark cycles and had free access to food (control group). Darkness groups were placed in darkness for 48 h. Mouse livers were collected every 6 h for 36 h. The corresponding Zeitgeber hours (ZT hours) are indicated at the bottom. Light and dark bars represent light and dark, respectively. Protein was isolated for western blot (b). The image is representative for n = 3 mice per group. RNA was isolated for qPCR in c. Data are presented as mean ± s.d. from n = 3 mice per time point per group. d,e, Wild-type C57BL/6 mice were randomly divided into two groups. Control mice followed the regular 12:12 h light/dark cycles (control group). In light/dark reversed mice (DL reversed), light/dark cycles were shifted by 12 h. Mouse livers were collected every 6 h. 0 h indicates 6 h after the initial light/dark shift. Protein was isolated for western blot (d). RNA was isolated for qPCR (e). Data are presented as mean ± s.d. for n = 3 mice per time point per group. Source data are provided in Supplementary Table 3 . Supplementary Table 3 .
Articles Nature Cell Biology miR-211 accumulation (Fig. 6b ). We subsequently turned to human Burkitt's lymphoma, a tumour in which Bmal1 expression is significantly reduced 33 (Fig. 6c ). We assessed miR-211 versus Bmal1/Clock expression in five available cases of human primary lymphoma with a documented c-Myc translocation 11 . Bmal1 expression was reduced relative to normal, and this correlated negatively with miR-211 expression (miR-211 expression previously reported in ref. 22 ) in these tumours ( Fig. 6d ) 11, 22 .
To address whether the miR-211/Bmal1/Clock relationship is lymphoma-specific, we turned to a model of Her2/Neu-driven mammary carcinoma. miR-211 expression in murine MMTV-Neu tumours is dependent on the PERK 22 . As with lymphoma, Bmal1 and Clock expression inversely correlates with miR-211 ( Fig. 6e ).
Bmal1 repression contributes to tumour cell survival. The inhibition of Bmal1/Clock by the UPR implies that reduction and the Source data and precise P value are provided in Supplementary Table 3 . k,l, PERK inhibition (PERKi) or anti-miR-211 (A211) restores circadian and metabolic gene expression in Burkitt's lymphoma cell lines. Data are presented as mean ± s.d. for n = 3 biologically independent experiments. Statistical analysis was calculated by two-tailed Student's t-test. ***P < 0.001, *P < 0.05. Source data and precise P values are provided in Supplementary Table 3 . Normal spleen c- Myc tumour   T1  N1 N2 N3 N4  T2 T3 T4 T5 T6 Representative blots are taken from n = 3 biological independent measures. P = 0.03 for Myc-driven tumour compared to normal samples (95% confidence interval). Statistical analysis was performd by a two-sided two-sample t-test. c, Bmal1 mRNA levels are exclusively low in Burkitt's lymphoma. Data and statistical methods are available from www.Oncomine.org (reporter ID: 36896_s_at) 10 . Individual plots for each sample are provided in Supplementary Table 3 . The GEO accession is GSE2350. 0: control (n = 58 samples); 1: Burkitt's lymphoma (n = 127); 2: centroblastic lymphoma (n = 28); 3: chronic lymphocytic leukaemia (n = 34); 4: diffuse large B-cell lymphoma (n = 41); 5: embryonal rhabdomyosarcoma (n = 1); 6: follicular lymphoma (n = 6); 7: hairy cell leukaemia (n = 16); 8: Hodgkin's lymphoma (n = 4); 9: mantle cell lymphoma (n = 8); 10: multiple myeloma (n = 1); 11: plasma cell leukaemia (n = 3); 12: primary effusion lymphoma (n = 9). *P < 0.05 compared to the control samples. d, qPCR analysis of primary human B lymphocytes isolated from normal donors (n = 2) and lymphomas from patients with confirmed translocation of c-Myc (n = 5). miR-211 levels in each sample have been reported previously 10 
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Nature Cell Biology resulting loss of Bmal1 and/or Clock regulatory functions are important for cell viability and ultimately for tumour cell survival. We focused on Bmal1 under ER stress, because the level of Bmal1 repression in tumours was more striking than that of Clock. We addressed Bmal1 contributions to survival through annexin V staining (acute stress) or clonogenic assay (transient stress and long-term survival) in U2OS cells where Bmal1 expression is driven by a heterologous promoter. Enforced Bmal1 expression conferred high sensitivity to ER stress ( Fig. 7a and Supplementary Fig. 6a ). Importantly, enforced Bmal1 expression also suppressed anchorage-independent growth of Burkitt's lymphoma cells ( Supplementary Fig. 6b,c) , conditions that induce ER stress 34 . In vivo, Bmal1 overexpression or A211 significantly suppressed CA46 xenograft tumour growth (Fig. 7b,c and Supplementary Fig. 6d,e ). Tumours overexpressing wild-type Bmal1 or A211 exhibited high rates of apoptosis and decreased proliferative indices (Fig. 7d,e and Supplementary Fig. 6f ). We also examined additional human cancer aetiologies by mining online databases to assess the impact of Bmal1 expression on tumour progression. Critically, breast, lung and gastric cancer patients who have higher Bmal1 overexpression showed better overall survival (Fig. 7f) 35 . Supplementary Table 3 . c, Representative tumour images from each group. d,e, Quantification of immunohistological analysis of the tumour sections: Ki-67 (d) and TUNEL assay (e). Quantification was made for n = 3 different tumour slides (two-tailed Student's t-test). NS, not significant. f, High Bmal1 expression confers better survival on breast cancer, lung cancer and gastric cancer patients. Kaplan-Meier plots assess the impact of Bmal1 expression on survival of breast, lung and gastric cancer patients. Log-rank P values and hazard ratios (HRs; 95% confidence interval in parentheses) are shown at the bottom. Plots were generated by the online tool in kmplot.com. Source data are provided in Supplementary Table 3 . Supplementary Table 3 .
We next determined whether N-myc, like C-Myc, regulates Bmal1 through the use of N-myc amplified neuroblastoma cell lines (Kelly and NLF). SHEP and SKNAS do not contain N-myc amplicons and served as controls 28 . Kelly and NLF have siginificantly higher miR-211 expression, p-eIF2α activation and correspondingly low Bmal1 expression ( Supplementary Fig. 7a ). Use of a small-molecule bromodomain inhibitor JQ1 (ref. 36 ) to suppress myc transcription reduced p-eIF2α and miR-211 and increased Bmal1 expression ( Supplementary Fig. 7b ). In contrast, increasing N-myc expression in SHEP and SKNAS cells induced miR-211, with a concomitant decrease in Bmal1 ( Supplementary Fig. 7c ), demonstrating that N-myc also regulates the miR-211/Bmal1 axis. In colon cancer cell line HCT116, cervical cancer cell line HeLa and breast cancer cell line MCF7, we observed that myc knockdown decreased miR-211 levels and rescued Bmal1 expression, while no rescue was observed in H1299 ( Supplementary Fig. 7d ).
Bmal1 loss is necessary for UPR-dependent repression of protein synthesis.
In addition to transcription, Bmal1 also regulates translation initiation through direct association with eIF4F (ref. 17 ). Because PERK plays an essential role in reducing protein overload during ER stress and myc-driven lymphoma 11 through inhibition of protein synthesis, we investigated whether PERK-miR-211-triggered Bmal1 loss during UPR contributes to global protein translation inhibition. Pulse-label analysis of U2OS cells in which Bmal1 expression was enforced demonstrated Bmal1 overrides UPR-dependent protein translation inhibition in response to ER stress (Fig. 8a) . Cells that retained Bmal1 did not exhibit significant alterations in S6 ribosomal protein phosphorylation, but maintained hyperphosphorylated 4EBP1 relative to control cells (Fig. 8b) . Consistently, although eIF4E and eIF4A binding to the m 7 GTP cap was reduced in control cells, enforced Bmal1 expression resulted in modestly increased binding (Fig. 8c ). Because miR-211 targets Bmal1, we addressed the role of miR-211 in regulating protein translation regulation under ER stress. Expression of A211, which prevents Bmal1 loss (Fig. 3c) , prevented UPR-dependent protein translation inhibition (Fig. 8d) .
PERK signalling regulates cell viability under ER stress via modulation of protein translation 14 . We determined whether increased sensitivity to ER stress is a reflection of Bmal1-dependent protein synthesis. Transient exposure to Tg in the presence of cycloheximide (CHX) reduced cell death in U2OS Bmal1 cells (Fig. 8e ). Previous work demonstrated increased sensitivity of PERK −/− cells to ER stress due to the lacking of protein translational control via the p-eIF2α -ATF4 axis 37 . Bmal1 knockdown abrogated ER stress toxicity of PERK −/− cells, demonstrating the importance of PERK/ miR211 suppression ( Fig. 8f and Supplementary Fig. 7e ).
Because Bmal1 regulates gene transcription and protein synthesis (Fig. 8a) , we addressed whether Bmal1-dependent regulation of gene transcription or its impact on protein translation drives differential cell survival under ER stress. We introduced Bmal1S42G (defect in protein translation control 17 ) or Bmal1Δ HLH (impaired DNA binding) into U2OS cells. Annexin V staining revealed that only Bmal1 S42G reduced the ER stress sensitivity (Fig. 8g) , consistent with Bmal1-mediated protein translation regulation contributing to cell survival under conditions of ER stress. We also noted that the impact of of Bmal1S42G expression on growth of CA46 xenografts was much less than wild-type Bmal1 expression (Fig. 7b) . The capacity of 4-phenylbutyrate (4-PBA) treatment to reduce apoptosis in CA46 cells engineered to express Bmal1 is consistent with the model wherein enforced Bmal1 expression triggers ER stress (Fig. 8h ).
Discussion
The UPR was initially identified and characterized as a response to pharmaceutical challenges that perturb the oxidative, pro-folding environment of the ER. Identification of a signalling pathway that coordinates the cellular response to such a challenge has facilitated the investigation of the physiological challenges that engage the UPR, challenges that include low oxygen, glucose restriction, metabolic stress and alterations in protein synthesis rates 1 . Although our understanding of how the UPR regulates cell fate has improved, there remains a gap in our understanding regarding the cross-talk between the UPR and distinct signalling pathways that respond to or regulate common pathways.
There is a growing appreciation of the capacity of the UPR and circadian machinery to contribute to cell growth and metabolism. Yet, the notion of a coordinated impact through UPR and circadian cross-talk has not been evaluated. This work demonstrates that the UPR directly regulates the core circadian clock. UPR activation in a cell culture triggers an 8-10 h shift in circadian phase oscillation, and this shift is exquisitely dependent upon PERK-eIF2α -ATF4 signalling. Mechanistically, the ATF4-inducible micro-RNA, miR-211, directly suppresses both Bmal1 and Clock. Because miR-211 is a labile miRNA under normal conditions 22 , Bmal1 and Clock suppression is transient. Cross-talk is not limited to cell culture, as activation of the UPR in mice by pharmacological treatment with tunicamycin also triggers PERK-dependent shifts in circadian oscillation. Importantly, we also note that alterations in the normal light/ dark cycle trigger UPR activation, hinting that the UPR may contribute to clock re-entrainment.
The transient loss of Bmal1 has a direct impact on downstream circadian and metabolic gene expression, but also has a direct impact on protein translation. This unanticipated role for Bmal1 in the regulation of protein synthesis has a profound effect on cell survival following pharmacological ER stress and in tumour cells where Bmal1 is silenced as a consequence of PERK signalling.
The initial delay in circadian transcript oscillation will undoubtably contribute to ultimate tumour progression by virtue of alterations in the coordination of metabolic gene expression. However, the necessity of Bmal1 suppression to reduce protein synthesis will have a more immediate impact. Targeted deletion of PERK in c-Myc-driven lymphoma results in ER protein overload and tumour cell death 11 . The results described herein suggest that PERK-miR-211-dependent suppression of Bmal1 is an essential aspect of this pathway necessary for progression of c-Myc-positive lymphoma. As tumours continue to progress and experience ongoing metabolic challenge, alterations in circadian gene expression and metabolic regulation will probably have a more direct contribution to tumour cell survival. Ultimately, the repression of Bmal1 by PERK-induced miR-211 has the remarkable capacity to robustly contribute to cell survival and tumour progression by limiting protein overload.
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Quantitative RT-PCR was performed using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and the data were normalized by GAPDH. The primer sequence for qPCR used in this study is provided in Supplementary Table 1 .
ChIP assays and biotin-211 chromatin precipitation. Biotin-labelled miR-211 duplexes were generated as previously reported 25 . Wild-type miR-211 (5′ UUCCCUUUGUCAUCCUUUGCCU3′ biotin) and mutant miR-211 (5′ UUUGUCGAGUCAUCCUUUGCCU3′ biotin) oligos were synthesized by Integrated DNA Technologies and transfected into U2OS cells with lipofectamine 2000 (ThermoFisher Scientific). Chromatin was prepared using the truChIP low cell chromatin shearing kit (Covaris) and sheared 200-700 bp fragments. Immunoprecipitation was performed using IgG, pan-Ago clone 2A8 (MABE56 Millipore), H3K27me3 (ab6002 Abcam), H3K9me2 (ab1220, Abcam) and RNA polII (ab817 Abcam, ChIP grade CTD repeats) antibodies with a Quick ChIP Kit (Imgenex) 22, 32 . Primers used for ChIP assays are listed in Supplementary  Table 2 . m 7 GTP immunoprecipitation. Cells were lysed in EBC buffer (50 mmol l -1 Tris, pH 8.0, 120 mmol l -1 NaCl, 1 mmol l -1 EDTA, 0.5% NP40) containing complete and PhosStop (1 tablet/10 ml, Roche). 1 mg lysates were incubated with 40 μ l of prewashed m 7 GTP beads (Creative Biolabs) overnight at 4 °C. Bound proteins were resolved by SDS-PAGE and visualized by western blot.
Statistics and reproducibility.
All western blot and 35 S cooperation assays shown here were successfully repeated at least three times. qPCR was performed three independent times. Data are presented as mean ± s.d. Statistical significance was determined by the two-tailed Student's t-test using Prism Graphpad or Excel. P < 0.05 was considered statistically significant. The correlation of Bmal1/miR-211 and Clock/miR-211 in human tumours and mice tumours was performed by Spearman's correlation in R.
Life Sciences Reporting Summary. Further information on experimental design is available in the Life Sciences Reporting Summary.
Data availability. The previously published Burkitt's lymphoma data that have been reanalysed here are available under GEO accession code GSE2350 (ref. 33 ). Data and statistical methods are available from www.Oncomine.org (reporter ID: 36896_s_at). Source data for Figs. 1-8 and Supplementary Figs. 1, 3 , 6 and 7 are provided in Supplementary Table 3 . All other data supporting the findings of this study are available from the corresponding author on reasonable request. Corresponding author(s): J. Alan Diehl
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